The complete nucleotide sequence of mutH gene from E. coli has been determined. Based on the deduced amino acid sequence, the MutH protein has a molecular weight of 25.4 kdaltons in agreement with the previous estimates based on SDS-polyacrylamide gel electrophoresis of the purified protein. Deletion analysis of the DNA sequences upstream of mutH has identified the promoter region for this gene. Two independently isolated temperature sensitive alleles of the mutH gene have also been sequenced. One mutation results in an amino acid change at position 27 (thr to leu) while the other occurs at position 156 (asp to asn).
INTRODUCTION
The spontaneous mutation rate of Escherichia coli is controlled by a number of genes whose products are responsible for the detection and removal of errors in the DNA. A major pathway for the removal of mismatched base pairs in the DNA is the methyl-directed mismatch repair system (for review see ref.
1). This repair pathway utilizes DNA methylation to distinguish between the parental and newly synthesized DNA strands to direct the correction of mismatched base pairs arising from errors during DNA replication. In vivo (2.3.4.5.6.7) and in vitro (8.9) experiments have implicated the products of the dam. mutH, mutL, mutS. and uvrD genes in the methyl-directed mismatch repair system. Functions for three of these genes have been assigned: the dam gene encodes the DNA adenine methylase that methylates GATC sequences (10,11.12) : the uvrD gene encodes DNA helicase II necessary for unwinding of DNA during repair (13.14,15) : and the mutS protein recognizes and binds to DNA containing a mismatched base pair 3073 Nucleic Acids Research Volume 15 Number 7 1987 (9). A biochemical role for the MutL and MutH proteins has yet to be determined.
To understand the underlying biochemical mechanism of these proteins requires a detailed knowledge of their structure. We report here the complete nucleotide sequence of the mutH gene. Deletion analysis has allowed us to identify the nucleotide sequences that comprise the promoter. In addition, two temperature sensitive mutants of the mutH gene have also been isolated and their sequence as well as their biological properties have been examined.
MATERIALS AND METHODS

Bacterial Strains and Plasmids
The mutH gene of E. coli has been cloned on a 1.5 kb HindIlI fragment (16, 17, 18) . The gene was further subcloned on a 0.9 kb XhoI-HindIII fragment following digestion with Bal3l exonuclease and the addition of a XhoI linker (19) . Since mutH co-transduces with thYA (35) . strain RG1051 (dam-3. mutH-34) was prepared by P1 transduction of the mutH-34 allele into GM44 (dam-3. thYA) (31 The initial DNA sequence of the wild type mutH gene was performed by the chemical method of Maxam and Gilbert (23) .
The two temperature sensitive mutants. mutHts7 and mutH ts28
were cloned into the M13-plasmid hybrid vectors pZ150 and pZ152 (24) . Single stranded DNA derived from the hybrid vectors were then sequenced using the dideoxy chain termination method (25) . A set of six sequencing primers were synthesized, three hybridizing to each strand of the mutH gene (Fig. 1) .
RESULTS
Sensitivity of dam -mutH strains to 2-amino urine
The mutH gene of E. coli is contained on a 1.5 kb HindIII fragment that was cloned into pBR322 (16) . Based on In vitro transcription/translation analysis the gene was shown to be translated upstream from the BglII site and proceed past the SmaI site ( Fig. 1) (19) . The gene was further subcloned from the original 1.5 kb HindIII fragment, during which a series of Bal31 deletions of sequences upstream of the mutH gene were generated (19) . Of (19) . The third isolate, pRH71-155, was unable to restore the wild-type spontaneous mutation rate in a mutH strain (19) . When the mutH gene of pRH71-155 was placed under the control of the XPL promoter, the wild-type spontaneous mutation frequency was restored (19) . This suggests that the deletion extends into the promoter region but not into the coding sequences for mutH.
Each of the above plasmids were tested for their ability to complement a dam mutH strain in regards to the sensitivity of these strains to the base analog, 2AP. dam mutH+ strains are extremely sensitive to killing by this analog (26) while dam mutH strains are resistant (20) . As shown in Figure 2 . the dam mutH strain containing pBR322 is completely resistant to killing by 2AP. while only 0.1% of a dam mutH+ strain survive treatment with 2AP at 20 ug/ml. Plasmid pRH71-17 completely restores the mutH+ phenotype to the dam mutH strain. pRH71-155, which was unable to restore mutH strains to the wild-type spontaneous mutation frequency, is also mutH with respect to killing by 2AP. Interestingly. pRH71-6 which can restore mutH strains to the wild-type mutation frequency (19) was only partially sensitive Figure 4 . Each results from a single transition mutation, which is expected since hydroxylamine was the mutagen. pMutHts7 results in the change of threonine to isoleucine at amino acid number 27 and pMutHts28 results in a change of aspartate asparagine at position 156. The entire gene was sequenced for each mutant. Although it is impossible to determine from this data if either of these mutations occur at the active site it is interesting to note that they occur in very different areas of the gene and that pIutHts28 occurs in a very acidic region of the protein.
The MutH protein contains 31 basic amino acids, 4 of which are histidine, and 28 acidic amino acids. The carboxy half of the molecule contains 77% of the basic amino acids. Although the 28 acidic amino acids are evenly distributed over the entire protein, there is a region between *147 to *171 that contains a cluster of 10 acidic amino acids. This is the same region where one of the temperature sensitive mutants (ts28) occurs.
The mutH gene contains 19 rarely used codons (27) that are not randomly distributed throughout the genome. Ten of these rare codons are clustered in the first third of the gene. The proportion of rarely used codons to the total codons in the reading frame is 8.3% for mutH versus a 4.24% for other non-regulatory proteins of E. coli (27) . Genes with a high percentage of rarely used codons, such as dnaG and the regulatory proteins of the lacd, araC, and trPR usually encode products that are present in only a few copies per cell because of the limiting availability of tRNA's for these rare codons (27) . Thus far, we have not determined the amount of MutH protein found in wild-type E. coli or in any of our plasmid strains.
The mutH Reaulatory Reaion
The DNA sequence upstream of the ATG start codon for mutH has been examined for sequences that could act as promoters for the gene (28) . Figure 4 shows one potential promoter with its -10 and -35 regions underlined. The underlined -10 region has 5 out of 7 matches with the consensus sequence heptamer TATAATG including the invariant T in the sixth position and the strongly conserved initial TA. In addition there are 4 out of 6 matches with the consensus -35 region. The plasmid pRH71-17 contains 100 bp prior to the ATG start codon and, thus, possesses all of the regulatory regions listed above. In pRH71-6. which was shown to have a wild-type spontaneous mutation frequency (19) (33) . A simple model to explain these results is that the mutH protein recognizes the unmethylated GATC sequences in the mom promoter, binds to them thereby acting as a repressor. Interestingly, not all mutH alleles can restore full expression of mom suggesting that involvement in mismatch repair (mutator phenotype) and mom expression may represent two separate functions of the protein (33) . Clearly, further analysis of the temperature sensitive mutH mutants, as well as isolation of other mutants in the gene should prove useful in testing the validity of such models and a basis for further biochemical characterization.
